Adaptation of Staphylococcus aureus to a change in salinity was studied by estimating the intracellular content of water and proline after alteration of the salt concentration of the culture medium. The intracellular water content of S. aureus cultured in normal broth was 1.70 g/g (dry weight). After transfer to 1.8 M NaCl-containing broth, the water content decreased to 0.80 g/g (dry weight) within 1 min. After changing the salt concentration of the medium, intracellular free proline (assumed to be one of the osmoregulators in S. aureus) increased gradually from 0 to 1,400 umol/g (dry weight) during 30 min of incubation at 370C. The water content rose to 0.88 g/g (dry weight) in 30 min. Proline was not taken up at 0 to 40C, suggesting that the process was one of active transport. The salt tolerance of S. aureus, therefore, appears to occur initially by dehydration of the cell after transfer from a medium of low salinity to one of high salinity and then by accumulation of proline, which carries water into the cell with it.
Staphylococcus aureus can be cultured not only in physiological saline, but also in the presence of 15% NaCl (1). This special property, which is clearly different from that of the saltdependent halophilic bacteria, has been of great interest in understanding the osmoregulatory mechanisms of nonhalophilic bacteria. It is unclear, however, what takes place in the cell immediately after a change in the salinity of its environment.
Previously, we reported that the cardiolipin content in the cell membrane rose as the NaCl concentration of the medium increased and suggested that it was one of the adaptational mechanisms to high salinity (7, 8) . Another possible mechanism was proposed by Measures (9) , who suggested that since nonhalophilic bacterial cells are impermeable to NaCl, intracellular amino acids play an important role in osmoregulation. Of the free amino acids, proline has been reported to be involved in osmoregulation in grampositive bacteria, and proline and glutamic acid in osmoregulation in gram-negative bacteria.
The present paper reports the dynamic change of free amino acid and water content in S. aureus immediately after alteration of environmental salinity and also describes early reactions in this adaptation to a different salinity.
MATERIALS AND METHODS Microorganisms and culture conditions. S. aureus 209 P (FDA) was used in all experiments. Nutrient broth (Nissui, Tokyo, Japan) was used as the basal culture medium. The nutrient broth contained NaCI at a concentration of 0.1 M, hereafter referred to as 0.1 M NaCl medium. S. aureus was cultured aerobically at 370C, and the growth rate was measured by monitoring the change in optical density at 650 nm, using a Spectronic 20 A (Shimazu, Tokyo, Japan). To adjust 0.1 M NaCl medium to 1.8 M NaCl medium during the growth phase, an equal volume of prewarmed broth containing 3.5 M NaCl was added to the 0.1 M NaCl medium. A 0.5-to 1-liter amount (150 mg, wet weight) of cultured medium was centrifuged at 10,000 x g for 5 min to pellet the cells. These were then washed with saline solution (10 mM phosphate buffer, pH 7.0) containing the same concentration of NaCl as the medium used for cultivation. The harvested cells were suspended in 15 ml of solution isotonic with the culture medium and 5-ml samples (50 mg, wet weight) were placed in each of three tubes. Each sample was again pelleted by centrifugation at 12,000 x g for 10 min and then subjected to assay of amino acids, interstitial space, and wet-dry weight. Harvesting and subsequent manipulations were performed at 0 to 40C, unless otherwise noted.
Analytical methods. Free amino acids were extracted by 3 ml of cold 5% (wt/vol) trichloroacetic acid for 2 h and estimated with an automated amino acid analyzer (JEOL, Tokyo, Japan). The uptake of proline from the medium was measured by using L-[U-14C]proline with a specific activity of 290 mCi/mol (Radiochemical Centre, Amersham, England). Medium containing 0.1 M NaCl was changed to 1.8 M NaCl medium containing radioactive proline, in the same manner as described above. Since the nutrient broth contained 1 mM proline, the final L-[U-'4C]-proline concentration used was 1 ,uM. At intervals, 2-ml portions of the medium were taken and quickly chilled, followed by centrifugation at 20,000 x g for 2 min. The pellet was washed with 0.1 or 1.8 M NaCl solution (10 mM phosphate buffer, pH 7.0) by centrifugation, as above. The pellet thus obtained was suspended in 0.5 ml of phosphate buffer-0.1 M NaCl solution, and the radioactivity was measured in a liquid scintillation counter. A phosphate dilution method (4) was used to determine interstitial space, which was then used to correct water content (wet-dry weight). The dry weight was determined after drying the pellet in an air oven for 15 h at 105°C.
RESULTS
Effect of the change in salt concentration on growth. The salt concentration was changed during the growth phase, and the growth rate was monitored as shown in Fig. 1 . When cells grown in the normal medium were transferred to the medium containing 1.8 M NaCl, a time lag of 15 min was observed before growth continued. The growth rate was, however, slower than in normal broth. The control group continued to grow without any time lag at the same rate as before the transfer. The dry weight appeared to increase without any time lag. Subtraction of the amount of accumulated amino acids (Fig. 2 ) from the dry weight showed that actual growth continued only after a 15-min time lag. It seems that the time lag is necessary for the cells to adapt to a medium of high salinity.
The optical density of the cell suspension after transfer from the low-salt to the high-salt medium showed higher absorbance than the control (Fig. 1) . Phase-contrast microscopy showed that this was due to shrinkage of the cells.
Effect of the change of salt concentration on proline content. Figure 2 shows the intracellular content of free amino acids after a change of salt concentration in the medium. The total amino acid content increased linearly and reached a maximum in 30 min. The most prominent amino acid was proline. The proline content (1,400 ,Imol/g, dry weight) remained constant as long as the salt concentration was kept at 1.8 M. Other amino acids, such as glutamic acid, asparagine, and glutamine, also increased slightly but gradually returned to a normal level (Fig. 2) . The possibility of de novo synthesis of proline has been suggested in the case of cells grown in minimal medium of high salinity. The medium used in our study was nutrient broth, which corresponds to the rich medium of Measures (9) . It is probable that adaptation and subsequent growth are depressed in a minimal growth medium. Further studies using prolineless or proline-deficient medium are needed to clarify this point.
According to Christian and Waltho (5) the NaCl concentration of the medium was 1.8 M. A difference in water content of 0.08 g/g (dry weight) was consistent throughout five series of experiments, although the experimental error of the method was found to be 6%.
If the water content is corrected by subtracting the amount of accumulated amino acids, there appears to be a definite increase in water content, which suggests that an influx of water occurs together with the active uptake of proline. DISCUSSION The accumulation of proline or other free amino acids has been observed in some plants undergoing stress such as dehydration (2, 6, 10, 12) and in some microorganisms exposed to high salinity (3, 11) . Measures (9) concluded after an extensive study that nonhalophilic bacteria varied to a considerable extent in their abilities to accumulate amino acid. He also indicated that proline acted as an osmoregulator in S. aureus.
Our interest was focused on the dynamic aspects of adaptation of S. aureus to alteration of external salinity. This study indicates that the adaptation to high salinity occurs as a sequential reaction: rapid dehydration, extrusion of water, 3.0 M (9). However, dehydration caused a twofold condensation of intracellular osmolarity (1.70 -* 0.88 g/g, dry weight); therefore, a 1.5 M accumulation ofproline is enough to compensate the osmolarity. Our data (Fig. 2) show that the maximum uptake of proline was 1.5 M (1.4 mmol/0.88 ml), which is close enough to support the correction made above.
It is still too early to draw any definite conclusions about salt tolerance in S. aureus. However, our studies have shown that (i) S. aureus survives under conditions of severe dehydration; (ii) the degree of proline accumulation is such that it could compensate for the dehydration and restore intracellular water balance; and (iii) cardiolipin in the plasma membrane acts as a barrier against a high concentration of NaCl (7).
